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Abstract

A linear, nearly monodispersed poly(4-vinylpyridinepolybutadiends-poly(4-vinylpyridine) (VBV) has been synthesized using a
dicarbanion initiator. The diinitiator, comprising a 2:1 molar ratiot-dfutyllithium to m-diisopropenylbenzene, was prepared-&0°C
in the presence of triethylamine, amounting to 1.5 times oftthetyllithium moles to ensure a difunctionality. The VBV synthesis was
conducted at-80°C in a mixed THF/toluene solvent in order to circumvent the chain branching reactions arising from~@+-Nyroup of
the 4-vinylpyridine. The absence of chain branching under such conditions has been verified by GPC/MALL and UV analyses, and syntheses
at higher temperatures are detrimental. Compared with an analogous polysiypehdutadiends-polystyrene (SBS), VBV relaxes slower
with a higher activation energy of relaxation. Although phase separation occurs for both VBV and SBS, VBV exhibits a different morphology
having a hard domain of a droplet—cluster type. The polarity of the poly(4-vinylpyridine) not only proddgesigher than that of the
polystyrene, but also increases thigof the rubbery polybutadiene phase. The relaxation mechanism deduced based on the X-method
indicates that contributions to relaxation for both VBV and SBS are in such order: physicatfttomain destructios» physical untangle-
ment.© 2000 Elsevier Science Ltd. All rights reserved.

Keywords Poly(4-vinylpyridine)b-polybutadiends-poly(4-vinylpyridine); Diinitiator;t-butyllithium

1. Introduction significant amount of chain branching during the formation
of the poly(4-vinylpyridine) block; and (2) the crossover
Styrenic block copolymers such as polystyrdieck deficiency from 4-vinylpyridine to butadiene makes the

polybutadienéblock-polystyrene type (SBS) are an impor- sequential formation of the blocks unable to yield a well-
tant class of thermoplastic elastomers. Their formulating defined copolymer. The chain branching phenomenon was
and processing flexibility has made their use wide, in appli- reported first by Luxton et al. [1], in the synthesis of the
cations such as hot melt and solvent-based adhesives. Imolystyreneb-polybutadiends-poly(4-vinylpyridine) block
order to provide an increased polarity providing better adhe- copolymer, and a linear polymer not heavily contaminated
sion properties, our interest in the chemical modification with branched species has been made by Arai et al. [2,3].
of SBS has led us to study the synthesis and characteristicsAnionic homopolymerization and block copolymerization
of poly(4-vinylpyridine)blockpolybutadiendslock-poly(4- of 4-vinylpyridine at low temperatures by Varshney et al.
vinylpyridine) (VBV). [10] enabled high yield syntheses without chain branching.
While information on the synthesis of poly(4-vinylpyri- Nugay et al. [4] modified both initiator and active chain ends
dine) or block copolymers having poly(4-vinylpyridine) as and avoided the occurrence of chain branching during the
the last block are abundant [1-10], very little is known synthesis of poly(methylmethacrylatejpoly(4-vinyl-
about the VBV triblock copolymer with a linear molecular pyridine) diblock copolymers. On the contrary, the cross-
structure analogous to a SBS triblock copolymer. A linear over deficiency caused by the difference in reactivity
VBV copolymer is difficult to synthesize because of two between two monomers has been shown by Creutz et al.
difficulties: (1) the nucleophilicity of the N atom causes a [8,9] to depend upon the addition mode, temperature, and
the choice of solvents and additives in the block copolymer-
* Corresponding author. Tel+886-5-242-8122. ization of 4-vinylpyridine and-butylmethacrylate. In spite of
E-mail addresschmect@ccunix.ccu.edu.tw (R.C.-C. Tsiang). these difficulties, recent advances in diinitiator techniques
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used for making telechelic copolymers have prompted us to make a total 15 wt% solution. This sealed bottle was kept
study the possibility of utilizing a diinitiator to synthesize a with magnet stirring in a constant temperature bath. DIPB
VBV triblock copolymer and in the mean time ensure a linear was then added into the bottle in a dropwise manner and the
molecular structure. solution turned red indicating the formation of the diinitia-
Among all the diinitiator studies [11-47], the diinitiator tor. The extent of the DIPB reaction was determined through
formed by a lithiation ofm-diisopropenylbenzene (DIPB) a measurement of double bonds using FTIR. This formed
using eithem-butyllithium, s-butyllithium or t-butyllithium diinitiator solution was stored in a refrigerator for later use.
has gained considerable attention due to its good solubility The mechanism of the formation of the diinitiator is shown
in hydrocarbon media and the low ceiling temperature of in Scheme 1.
DIPB for preventing homopolymerization. However, the
association of diinitiators and the addition of polar additives 2.3. Analysis of the diinitiator

affect a diinitiating process as previously pointed out by e . o
Fetters et al. [41] and Quirk et al. [42], and the formed The diinitiator was analyzed using Finnigan MAT GC/

diinitiators will have varying efficiencies and exhibit a MS equipped with a ITD detector. This instrument has a
mono-functionality under improper reaction conditions DB-5 J&W capillary column of 30 m length and 0.32 mm

[28-30,38,39,43—47]. In this paper, our work about making diameter. The injection temperature was ZABOAfter being

an efficient diinitiator 1,3-bis(1-lithio-1,3,3-trimethylbutyl)- ~ KePt at 80C for Smin, the column was heated at a rate of
benzene is presented first, followed by a description of the 8°C/Min to 280C and maintained at that temperature for
linear VBV synthesis studies. Finally the resulting VBV is another 5min.

characterized and compared against an analogous SBS . . N
2.4. VBV synthesis using the diinitiator

copolymer.
The synthesis of VBV was accomplished in a mixed THF/
2. Experimental toluene solvent. 300 ml of mixed solvent containing
25vol% THF was firstly put into a 11 pressure vessel
2.1. Materials under a slight nitrogen overpressure. The vessel content

was then heated to a specified temperature prior to the addi-

Butadiene and styrene used in this work were obtained tion of the required weight of the diinitiator. Afterwards, 2 g
from Taiwan Synthetic Rubber Corp. (TSRC) and of butadiene was charged and anionically polymerized for
pretreated with activated alumina (from Alcoa Co.) prior 2 h. An additional 47 g of butadiene was then charged into
to their use. 4-Vinylpyridine with 95% purity was purchased the vessel, in order to continue forming a polybutadiene
from Acros and treated with activated alumina prior to use. block of desired length. Four hours later, the temperature
Cyclohexane obtained from TSRC has been distilled, trea- of the reaction system was cooled down-t80°C using an
ted with activated alumina and degassed. Tetrahydrofuranacetone/dry ice bath, and an additional 150 ml of THF was
(THF), triethylamine (TEA) and hexane were purchased charged to increase the THF content to 50 vol%. 4-Vinyl-
from Merck and pretreated with activated alumina. Reagent pyridine (21 g) was next charged into the reactor. The
grade DIPB was purchased from TCI and treated with acti- yellowish color of the polybutadienyllithium ends disap-
vated aluminat-butyllithium (t-BuLi) was purchased from  peared and the red color of newly formed poly(4-vinylpyr-

Acros as 15 wt% solution in hexane. idinyl)lithium ends appeared. The living chain ends were
then deactivated after 2.5 h by the addition of methanol.
2.2. Preparation of the diinitiator The reaction solution was then poured into isopropanol

and the synthesized VBV was precipitated out and dried

The dicarbanion initiator used for the polymer synthesis i, 4 vacuum oven.

in this work was prepared by reactitduLi with DIPB in

n-hexane solvent. A required amountt®BuLi in hexane 2.5. Analysis of the synthesized polymer

solution was firstly charged and sealed into a glass bottle in

an air-free glove box. Prescribed amounts of TEA and The molecular weights and molecular weight distribu-
hexane were then added into the bottle using syringes totions of synthesized polymers were determined by Waters
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3. Results and discussion

100 F
L / The reaction of 2 mol of-BuLi with one mole of DIPB at
a temperature of 20°C, in the presence of varying amounts

of TEA, has been conducted to form the 1,3-bis(1-lithio-
1,3,3-trimethylbutyl)benzene diinitiator. As illustrated in
Fig. 1, a conversion of the double bonds of DIPB greater
than 97% after 1.5 h was achieved at a TEBULi molar
ratio of 1.5. A higher TEA-BuULI ratio did not increase the
conversion any further. The conversion of the double bonds
of DIPB was determined using FTIR spectra. The double
bonds of the DIPB exhibit a peak at 890 cmTheir conver-
sion was calculated by comparing the absorption peaks
before and after the reaction, with the intensities of both
peaks being first normalized against the absorption peak
of metasubstituted benzene at 750810cml. The

60 ] L [ B formation of this diinitiator was verified through the exis-

0 20 40 60 80 100 tence of its hydrocarbon derivative after hydrolysis
(Scheme 2).

Our GC/MS confirmation of the molecular weight of this
Fig. 1. Conversion of the double bonds of DIPB as a function of time ( hydrocarbon derivative is shown in Fig. 2. The peak in the
BULi/DIPB = 2, —20°C, TEAK-BuLi = 0.2~ 3.0, inn-hexane). GC chromatogram was identified, using the MS spectro-

meter, as the hydrocarbon derivative having a parent ion

of m/e 274. Other species shown at lawe were the frag-
gel permeation chromatography (GPC) equipped with a ment ions of the parent ion.
Waters 410 differential refractive index (RI) detector and  In order to substantiate the difunctionality of the diinitia-
a multiple angle laser light scattering (MALL) detector. The tor made under the aforementioned conditions (i.e. at
GPC was typically operated using three Waters Styragel HR —20°C and a TEA-BuLi ratio of 1.5), we have purposely
columns (16, 10%, 10° A) at a nominal flow rate of 1 ml/min  prepared another diinitiator under identical conditions but
with a sample concentration of 0.1 wt% in THF solvent. The starting with an excessive amount BBuLi (at a t-BuLi/
MALL detector (miniDAWN model, Wyatt Technology = DIPB molar ratio of 4). The resulting mixture containing the
Corporation) was equipped with a 20 mW semiconductor diinitiator and the unreacteeBulLi was used to polymerize
laser. The d/dc (specific refractive index increment) of styrene. The thus formed polystyrene had a bimodal mole-
the synthesized polymer, at the same wavelength of light cular weight distribution with nearly equal portions of two
as the MALL, needed for the molecular weight calculation polymer species having a molecular weight ratio of 2. This
was measured by a Wyatt/Optilab DSP interferometric observation therefore corroborated the coexistence of
refractometer. The microstructure was determined by the difunctionality of the diinitiator and monofunctionality
Schimadzu FTIR-8101M spectrometer using a liquid N of the t-BuLi. (The possible presence of small amount of
cooled MCT detector. The spectral resolution was Ztm  multifunctional initiators did not affect the molecular weight
The dynamic mechanical analysis was performed using adistribution since they selectively formed difunctional
Rheometrics RSA Il with a tensile test jig. Strain was living chains due to a rapid depolymerization of the oligo-
applied to the test sample, and the corresponding stresamers upon the monomer addition [45].)
was measured by a transducer. The test samples were of a Before synthesizing VBV triblock copolymers using

80 —

-20 Cin hexane
TEA/-BuLi=0.2
TEAA-BuLi=0.5
TEAA-Buli=1

TEAA-BuLi=1.5
TEAR-Buli=3

70 —

DIPB double bond conversion%
[ ]

SOep e
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size of 05X 8 x 300 mnf. our diinitiator, we needed to explore the proper synthesis
Li* Lt i i
(CH3)3CCH2(|2 C|:CH20(CH3)3 (CH3)3CCH2C|Z CCH2C(CH3)3
C@/CHs methanol C,_E©/(|:H3
M.W. =274

Scheme 2.
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Fig. 2. GC chromatogram and MS spectrum of the diinitiator formed 20°C.

conditions in order to circumvent the possible side reac- segment M?) was firstly determined by taking a polymer

tions. These side reactions often occurred during the poly- sample out for GPC measurement prior to the addition of 4-

merization of 4-vinylpyridine due to its =NCH- group, vinylpyridine monomer. Next, the weight fraction of the

and would cause a chain transfer/branching leading to apoly(4-vinylpyridine) block in the BV diblock copolymer

broader molecular weight distribution [1-3] (Scheme 3).  was calculated utilizing the absorptivithdy) determined
To facilitate the experimental study on chain branching, from our BV diblock copolymer and the absorptivitiy)

the mono-functional initiatort-BuLi, was used to syn- determined from a separately synthesized homopoly(4-

thesize a polybutadienepoly(4-vinylpyridine) diblock vinylpyridine):

copolymer (BV). The purpose was to seek the reaction Xo = Anu/A

conditions that enables the formation of a nearly mono- BVITV

dispersed, linear BV copolymer. From theX, andM®, the molecular weight of the poly(4-
Experiments were carried out in two different solvent Vvinylpyridine) segmentN1") could be calculated [3]:

systems, namely cyclohexane and toluene. The resulting, ,v _ ,,8

GPC chromatograms clearly showed that synthesis atV = MEX OV = X))

—80°C in the presence of 50 vol% THF enabled the forma- The molecular weight of the BV diblock copolymer could

tion of nearly monodispersed BV copolymers regardless of then be calculated as the sumMFf andM"

the choice of solvent. The absence of chain transfer/branch-MBV —MB 4+ MY

ing has been further verified based on GPC/MALL and UV

analysis. The molecular weight of the polybutadiene If the BV copolymer had a linear molecular structure, the



H.-J. Li, R.C.-C. Tsiang / Polymer 41 (2000) 5601-5610 5605

main reaction chain reduces the chain ends association and improves the
system solubility. The remaining portion of the required
amount of butadiene was then added to increase the mole-
RLIT + CH=CH, — R CHCH2>-Li+ cular weight of the polybutadiene. Next, the THF content
* n was increased to 50vol% and the temperature was
| ~ | decreased te-80°C. The 4-vinylpyridine was then added
SN Ny to continue the polymerization process. The near monodis-
persity shown by the GPC chromatogram in Fig. 5 clearly
side reactions indicates an absence of undesirable side reactions.
The stress relaxation characteristics of VBV and analo-
gous SBS triblock copolymers (both having a

RL* +  CH=CH ——>  CH=CH; 70 Wt%:30 wt% ratio of rubbery block to hard block as
/ / shown in Table 2) have been analyzed and compared via a
\ dynamic mechanical analysis. The curves shown in Figs. 6
SN N~ and 7 indicate that VBV relaxes slower than SBS when
Liy compared at the same temperature. When modeled as a
Maxwell element, the relaxation behavior of VBV and
LI 4 e CH{HTC‘H,CszfLﬁ . _CchHZ,TH,CHszLﬁ SBS copolymers follows an exponential function:
“ 30 f] ] o = mex( - )
\N \N R Z \N . . .
L, where A is the relaxation time constant and relates to the

activation energy of relaxatioik,, as follows:

1 E.
—=A exp(— —)

observed molecular weight measured by GRIg,s should A RT
be equal tavi®. Conversely, any nonlinearity of the mole- The value ofAs at various temperatures can be determined
cular structure would increase the valueMy,s Data tabu- from the time required fofo(t)/0(0)) = e ! as shown in
lated in Table 1 show thafl,, = MBY, with a relative error Figs. 6 and 7. From the plot of lavs. ¥T (shown in Fig. 8
of 3%, which is within the range of experimental error, thus for both VBV and SBS), th&, can be calculated based on
corroborating the absence of chain branching under ourthe slope of the fitted line. The thus calculated activation
synthesis conditions. The UV absorption spectra (at energies of VBV and SBS are 65.8 and 51.9 kJ/mol, respec-
255 nm) of the two BV samples (#1 and #2) and the homo- tively. The lower relaxation rate (i.e. the larger activation
poly(4-vinylpyridine) are shown in Fig. 3. energy of relaxation) for VBV might arise from a better

The temperature effect on the occurrence of side reactionschain entanglement caused by the hydrogen bonding formed
during the formation of the poly(4-vinylpyridine) block has by the electronegative nitrogen atom on the poly(4-vinyl-
been studied in a toluene/THF (50 vol% each) solvent pyridine) block.
system. Synthesis at higher temperatures is prone to chain Phase morphology of VBV and SBS examined by trans-
branching, which can be discerned from the existence of amission electron microscopy is illustrated in Fig. 9. Domain
broad, high molecular weight peak in Fig. 4. separation was observed for both copolymers. While the

After having sought the proper synthesis conditions, our polystyrene in SBS formed small spherical microdomains
diinitiator was used for the synthesis of VBV. A small uniformly distributed in the polybutadiene matrix, the
amount of butadiene~2 g) was polymerized by the diini-  poly(4-vinylpyridine) in VBV, exhibited droplet—cluster
tiator at 40C in the presence of 25 vol% THF. The conver- microdomains. The difference in morphologies probably
sion of a diinitiator to an oligomeric difunctional living results from the ability of poly(4-vinylpyridine) to form

Scheme 3.

Table 1
Characteristics of BV diblock copolymers (absorptivity of homopoly(4-vinylpyridiae).123)

Samples

#1 #2
B block (measured by MALL) MB x 1073 6.2 9.9
V block (calculated) MY x 103 25 4.6
BV diblock (calculated) MBY x 1078 8.7 14.5

BV diblock (measured by MALL) MopsX 1073 9.0 (absorptivity= 0.895) 14.0 (absorptivity= 1.003)
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Fig. 4. Effect of temperature on molecular weight distribution of BV
Fig. 3. UV spectra. diblock copolymers (in a mixed solvent THF:toluesel:1 by vol.).

hydrogen bonding, which prevents the microdomains from linear, asymptotic curve yields the values of the intercept
separatingTys of the rubbery phase and the hard phase wereand the slope, which by definition are[df(0)/a(0)] and
observed using a dynamic mechanical analyzer. As shown—(1/A,)). Next, the item corresponding to the largest relaxa-
in Fig. 10, the poly(4-vinylpyridine) phase of the VBV tion time constant was deducted from the overall spectrum
copolymer has &, at 135C and the polybutadiene phase and the lifi(a(t)/o(0)) — (0,(0)/a(0)) exp(—t/A,)] vs. t plot

has &l of —82°C. In comparison, the SBS copolymer has a was constructed for the time spap_; <t < A,. Following
95°C Ty for the polystyrene phase and-€90°C T, for the the same extrapolation calculation, the values of
polybutadiene phase. Although both copolymers have anin[o;,_1(0)/0(0) and—1/A,,_;] were determined. The proce-
equal weight ratio of rubbery phase to hard phase,Tthe dures were repeated to determine the values of other
of the rubbery phase in the VBV copolymer is increased by

approximately &8C, probably due to the polarity and higher

T, of the poly(4-vinylpyridine) phase.
The relaxation mechanisms for VBV and SBS copoly-
mers have been deduced using the X method [48,49]. The
stress relaxation spectrum consists of several discrete time
spans:
o) _ <[ a0 t
o(0) Zl[ =0 4 A )] _

From the Ina(t)/o(0)] vs. t plot, fort > A, (i.e. the largest Fig. 5. GPC chromatogram of VBV synthesized a80°C in a mixed
relaxation time constant), the back extrapolation of the solvent of THF:toluene= 1:1 volume ratio.
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Fig. 7. Stress relaxation curve of SBS at different temperatures.

1T(1/K)

Fig. 8. Il vs 1IT plot for calculating the activation energy.

These three time spans correlate to the three major mechan-
isms of stress relaxation, namely physical flow, physical
untanglement, and domain destruction [37,39]. The physical
flow occurs first upon an applied stress, followed by the
physical untanglement and domain destruction at larger
time scales. The calculated constants for VBV and SBS
copolymers are tabulated in Table 3. The initial stresses
for both VBV and SBS are in such order:

01(0) = 03(0) = 02(0)
a(0) a(0) a(0)

indicating that the relaxation by physical flow is greater than

Table 2
Characteristics of VBV and SBS compared in this work

% Butadiene % Hard block M,, M, MWD
VBV 70 30 34,913 33,263 1.05
SBS 70 30 43,720 41,350 1.06
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Table 3
Constants of the stress relaxation spectra for VBV and SBS

H.-J. Li, R.C.-C. Tsiang / Polymer 41 (2000) 5601—5610

VBV 0.41 -0.21 0.21 —0.026 0.38 —0.002
SBS 0.52 —0.23 0.16 —0.033 0.32 —0.0019

that by domain destruction, which in turn is greater than that 1 mol of DIPB at—20°C with a 1.5 molar ratio of TEA t¢-

by physical untanglement.

4. Conclusions

A diinitiator, prepared by reacting 2 mol ¢fBuLi with

BuLi, was used to synthesize a linear, nearly monodispersed
poly(4-vinylpyridine)b-polybutadieneb-poly(4-vinyl-
pyridine) (VBV) with great success. The synthesis was
conducted at—80°C in a mixed THF/toluene solvent in
order to circumvent the chain branching reactions arising

Fig. 9. TEM micrograph for VBV and SBS (left: VBV, B/¥ 70%/30%,M,, = 34,913, polydispersity= 1.05; right: SBS, B/S= 70%/30%,M,, = 43,720,

polydispersity= 1.06).
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Fig. 10. Dynamic mechanical behavior of VBV and SBS.
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Fig. 11. Stress relaxation calculation based on X-method ‘&.60

from the —N=CH- group of the 4-vinylpyridine. The styrene (SBS), VBV relaxes slower with a higher activation
absence of chain branching under such conditions hasenergy of relaxation. Whilst phase separation occurs for
been verified by GPC/MALL and UV analyses, and synth- both VBV and SBS, VBV exhibits a different morphology
eses at higher temperatures have been detrimentalhaving a droplet—cluster hard domain. The polarity of the
Compared with the polystyrernepolybutadiends-poly- poly(4-vinylpyridine) not only increases tfg of the hard
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block, but also increases thigof the rubbery polybutadiene

H.-J. Li, R.C.-C. Tsiang / Polymer 41 (2000) 5601—5610

[23] Szwarc M. Nature 1956;178:1168.

phase. The relaxation mechanism deduced based on thd24l Jachimowicz F, Levin G, Szwarc M. J Am Chem Soc 1977;99:5977.

X-method has shown that contributions to relaxation by
physical flow is greater than that by domain destruction,
which in turn is greater than that by physical untanglement.
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